T he production of extracellular poly-β -1,6 -N-ac et yl-d -g lucosa mine (PNAG) by Staphylococcus epidermidis is the principal determinant of biofilm formation on indwelling medical devices. Enzymes that degrade PNAG therefore provide an attractive strategy for biofilm removal and for the manufacture of biofilm-resistant coatings. Here we present methods that allow the identification of PNAG-degrading enzymes with the ability to detach biofilms. Our protocol includes the preparation of soluble PNAG from S. epidermidis cultures, the incubation of soluble PNAG with candidate enzymes and assays that detect the release of N-acetyl-d-glucosamine using high-pH anion-exchange chromatography (HPAEC) followed in parallel by pulsed amperometric detection (PAD) and online electrospray ionization mass spectrometry (ESI-MS). We validated our procedures using dispersin B, which is currently the only known PNAGdegrading enzyme.
Introduction
Biofilms on indwelling medical devices represent a significant cause of morbidity and mortality in hospitalized patients, and are responsible for nosocomial conditions such as ventilator-associated pneumonia (VAP), catheter-associated urinary tract infection (CAUTI), catheter-related bloodstream infection (CRBSI) and prosthetic implant infection (PII). 1 Although microbial communities in biofilms tend to be highly diverse, Staphylococcus epidermidis is considered to play a key role
Methods to identify enzymes that degrade the main extracellular polysaccharide component of Staphylococcus epidermidis biofilms
Anke Gökçen, 1 in the colonization of medical devices. [2] [3] [4] Most nosocomial strains of this commensal inhabitant of human skin and mucous membranes carry the icaADBC operon, and are able to produce an extracellular linear polysaccharide consisting of β-1,6-linked N-acetyl-d-glucosamine (Fig. 1) . 5, 6 Poly-β-1,6-N-acetyl-d-glucosamine (PNAG) was originally described as polysaccharide intercellular adhesin (PIA) and appears to be a major constituent of many biofilms. dispersin B were required. Therefore, we investigated the use of soluble PNAG as a substrate instead of the intact pre-formed biofilms to develop a more sensitive and robust assay. The chemical synthesis of β-1,6-linked N-acetyl-d-glucosamine oligomers that resemble PNAG has been reported. 17, 24, 25 Although a well-defined synthetic substrate would be desirable, such a material is not available in sufficient quantities due to the complicated synthesis process. The production of PNAG from cultures of S. epidermidis and other bacteria has also been reported, including purification by anion-exchange chromatography (obtaining PNAG in the flow-through) and/or size exclusion chromatography (separating PNAG into the high-molecular-mass polysaccharide fraction). 7, 10, 26, 27 We developed a much less complicated procedure based on the treatment of S. epidermidis biofilms with ultrasound under conditions that dissolve the extracellular polymer without disrupting the cell walls, resulting in a crude soluble PNAG preparation. Using this approach, we were able to measure the release of N-acetylglucosamine after incubation with dispersin B at concentrations as low as 1 μg/mL.
In the protocol described below, we set out experimental procedures that will allow researchers to test enzymes for their ability to degrade S. epidermidis biofilms and to investigate whether this activity is related to the degradation of PNAG. Because dispersin B is not commercially available, we first describe how a recombinant enzyme can be produced and purified in a single step by immobilized metal ion affinity chromatography (IMAC). We then describe a 24-well plate assay that allows the visual confirmation of biofilm-detaching activity, and explain how N-acetylglucosamine can be detected in the supernatants from this assay. Next we present our procedure for the preparation of soluble PNAG, and finally we discuss how this material is used as substrate in a sensitive PNAGdegradation assay.
Materials
Reagents. General reagents. (1) Ethanol ≥ 99.8% p.a. (Carl Roth, 9065.4) assay is necessary. Therefore we established an analytical system for the detection of N-acetylglucosamine monomers produced by the degradation of PNAG. N-acetylglucosamine monomers and oligomers have previously been detected by thin-layer chromatography and matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) MS, respectively. 16 In addition, the MorganElson assay has been used for the colorimetric quantitation of total hexosamine released from biofilm-producing S. epidermidis cells after treatment with dispersin B. 22 We have developed a novel approach using high-pH anion-exchange chromatography (HPAEC) followed in parallel by pulsed amperometric detection (PAD) and online electrospray ionization mass spectrometry (ESI-MS) for the specific and sensitive detection of N-acetylglucosamine (Fig. 2) . The HPAEC technique exploits the weakly-acidic nature of the hydroxyl groups of carbohydrates, which are separated on an anion-exchange column using NaOH as the mobile phase. 23 The eluting carbohydrates are detected with an electrochemical device that measures the current generated by their oxidation on a gold electrode at pH ≥ 12. A pulsed electrical potential is used to clean and regenerate the electrode during each measuring cycle. In parallel, the carbohydrates are analyzed as H 2 O and Li + adducts by ESI-MS, which requires the removal of NaOH by desalting and the addition of LiCl solution prior to injection into the mass spectrometer.
As expected, the HPAEC-PAD-ESI-MS approach allowed us to detect N-acetylglucosamine in the supernatants of S. epidermidis biofilms growing in 24-well plates after treatment with dispersin B. However, the signal intensity was low, and large concentrations of generating a bacterial strain that formed rough colonies and was deficient in the release of cells from biofilms. 15 Dispersin B was then shown specifically to cleave the β-1,6-glycosidic bond between the N-acetylglucosamine units of PNAG. 16 Experiments using natural PNAG isolated from E. coli suggested that dispersin B initially cleaves the glycosidic linkages endolytically, producing larger oligosaccharides, 16 but the results from another study using synthetic β-1,6-linked N-acetyl-d-glucosamine oligomers (dimers, tetramers and hexamers) labeled with a p-methoxyphenyl group at the reducing end instead indicated exolytic activity. 17 In naturally-occurring biofilms, dispersin B probably acts as a trigger for the detachment of cells and cell aggregates allowing the bacteria to spread and colonize new surfaces. Biotechnological applications of dispersin B could include the production of cleaning agents, coatings or wound gels. 18 Dispersin B was recently integrated into polymer matrices, producing biocompatible hydrogels that were largely resistant to colonization by S. epidermidis. 19 We have initiated a systematic search for further PNAG-degrading enzymes that could be used to prevent the formation of biofilms or to remove them from medical devices. Testing for biofilm degradation is frequently achieved by treating experimental biofilms in multi-well plates or on other surfaces with the candidate enzymes, followed by microscopy and/or staining of the residual biofilm material with dyes such as crystal violet or safranin. Using such assays, lysostaphin and DNase I have also been shown to degrade S. epidermidis biofilms. 20, 21 However, these enzymes lack PNAG-degrading activity suggesting that a more specific (2) N-Acetylglucosamine (SigmaAldrich, A8625-5G).
(3) Glucosamine (Sigma-Aldrich, G4875-25G).
Equipment. General equipment.
(1) 1-L Erlenmeyer flasks with baffles and non-hermetic stainless steel caps (VGKL, 192010054, 192901224 Standards for HPAEC-PAD-ESI-MS. Prepare 1 mM solutions of glucose, glucosamine and N-acetylglucosamine. Dilute 1:20 in water (final concentration 50 μM). Store at -20°C.
Eluent A (2 mM NaOH) and eluent B (250 mM NaOH) for HPAEC-PAD-ESI-MS. Eluent A is prepared by adding 320 μL 50% NaOH to 2,000 mL water, whereas eluent B is prepared by adding 40 mL 50% NaOH to 1,960 mL water. Use reagent-grade water with a conductivity of 0.055 μS/cm filtered through a 0.2 μm filter. Only use plasticware to handle NaOH.
In detail, the eluents are prepared using the following procedure: Set apart two 2-L plastic eluent reservoirs and a 1-L polypropylene measuring cylinder, which must not be used for other purposes. Fill each of the 2-L plastic reservoirs with 1.5 L water and degas by bubbling with helium in an ultrasonic bath for 15 min. Fill the 1-L polypropylene measuring cylinder with 500 mL of the degassed water and add 320 μL or 40 mL of 50% NaOH, respectively. Remove the reservoir for the corresponding eluent from the Eluent Organizer in the chromatography system after closing the stopcock valve of the argon supply and removing the lid with the tubing. Discard residual eluent and rinse the reservoir with degassed water. Pour the pre-diluted NaOH solution from the measuring cylinder into the reservoir and add (6) 
Reagent Setup
Synthetic gene construct encoding dispersin B. A synthetic gene, codon adapted for E. coli K12 and encoding the entire dispersin B amino acid sequence (GenBank accession number AAP31025) can be obtained by custom gene synthesis (e.g., from Eurofins MWG Operon). The sequences 5'-ATG GTA GGT CTC AAA TG-3' and 5'-AGC GCT GAG ACC TAC CAT-3' must be added to the 5' and 3' ends of the coding sequence, respectively, for insertion into the expression vector via the two BsaI restriction sites. The recombinant dispersin B sequence will be extended at the C-terminus with the vector-derived sequence SAR GSH HHH HH.
IMAC buffer A (100 mM NaCl, 30 mM TRIS-HCl, pH 7.5). If not in use, the system is maintained in a standby mode with the following settings: gradient pump, 0.025 mL/min, 95% eluent A, 5% eluent B; LiCl addition pump, off; MS entrance cone wash pump, off; regenerant peristaltic pump, 5 rmp; suppressor current, 1 mA; ESI probe temperature, off; cone voltage, 0 V; ESI needle voltage, 0 V. Vacuum and nitrogen supply remain connected.
Procedure
Production of recombinant dispersin B.
(1) Prepare six 1-L Erlenmeyer flasks each containing 400 mL Terrific Broth medium supplemented with 300 μg/mL ampicillin.
(2) Introduce the synthetic gene construct into competent E. coli cells following the protocol provided by the supplier.
(3) Use the bacterial suspension obtained from the transformation procedure directly to inoculate the culture flasks (50 μL for each flask). Inoculation from a plate culture may result in the selection of clones that produce the recombinant protein inefficiently.
(4) Incubate the cultures at 30°C and 250 rpm overnight until the OD 600nm reaches ~2.
(5) Induce the expression of recombinant dispersin B by adding 40 μL of a 2 mg/mL stock solution of anhydrotetracycline in ethanol to each flask (final concentration 200 ng/mL).
(6) Continue incubation at 37°C and 250 rpm for 2 h.
(7) Harvest the cells by centrifugation (10,000 g, 10 min, 4°C, JA-10 rotor) and discard the supernatant.
(8) The cell pellets can be stored at -80°C (PAUSE POINT). Before continuing with protein purification, pack, wash and equilibrate the IMAC column using the low pressure chromatography system.
(9) Pack a 2.6 × 4 cm TALON Superflow Co 2+ column (~20 mL column bed volume) by pouring 40 mL of a 2-L reservoir using an AXP auxiliary pump and a T-piece. The entrance cone of the MS is washed with water delivered from a 2-L reservoir with an AXP pump. Nitrogen serving as a sheath and nebulizing gas is provided from the nitrogen generator. Chromeleon chromatography data system software (version 6.8, SR6) is used for instrument control, data acquisition and processing. The MS is calibrated and tuned using Xcalibur (version 2.0.7) and MSQ 2.0 SP1 tune program.
HPAEC-PAD-ESI-MS chromatography conditions. Chromatography is performed under isocratic conditions at a flow rate of 0.4 mL/min (resulting in a system pressure of 160-170 bar) using the following protocol: separation, 0-15 min, 14.4 mM NaOH (95% eluent A, 5% eluent B); column cleaning, 15-20 min, 76.4 mM NaOH (70% eluent A, 30% eluent B); column reconditioning, 20-27 min, 14.4 mM NaOH (95% eluent A, 5% eluent B).
The auxiliary pumps are set as follows: regenerant peristaltic pump, 25 rpm (~1 mL/min); LiCl addition pump, 0.05 mL/min; MS entrance cone wash pump, 0.05 mL/min.
The waveform settings of the electrochemical detector are set as follows: The suppressor current is set to 8 mA during the separation and column reconditioning step (0-15 min and 25-27 min), and to 100 mA during the column cleaning step (15-25 min); these settings take into account the delay caused mainly by the column void volume.
The mass spectrometer is operated in positive ion mode with the following settings: ESI probe temperature, 349°C; ESI needle voltage, 3 kV; detector voltage, 1,106 V; nitrogen gas pressure, 5 bar.
For the detection of N-acetylglucosamine H 2 O and Li + adducts in selected ion-monitoring (SIM) mode, the following settings are used: mass, 246 Da; cone voltage, 100 V; RF-lens, -1.0 V; mass the appropriate volume of degassed water to make up to 2,000 mL. Screw the lid on and carefully invert the reservoir to mix. Place the reservoir back into the Eluent Organizer. Open the stopcock valve to resupply the headspace with argon.
Use the following precautions to handle the 50% NaOH stock: To reduce carbonate contamination that may occur when NaOH reacts with CO 2 in the air, avoid mixing the 50% NaOH stock solution. Pipette the aliquots used for eluent preparation from approximately 2.5 cm below the surface because any sodium carbonate precipitate will sink. Discard the 50% NaOH solution when approximately 2/3 of the volume has been used.
Equipment Setup

HPAEC-PAD-ESI-MS instrumentation.
A chromatography system with a chemically-inert, metal-free, polyether ether ketone (PEEK)-based flow path is used in order to avoid corrosion by the NaOH eluent (Fig. 2) . The eluents are delivered from two 2-L plastic reservoirs held in a corrosion-resistant Eluent Organizer. In order to minimize carbonate contamination, the headspace of the eluent reservoirs is filled with argon gas (~0.3 bar) supplied by the Regulator Accessory with a pressure regulator, gauge assembly and outputs for connections to up to four eluent reservoirs. The argon supply tubing is connected via stopcock valves on the lids of the eluent reservoirs. After the separator column, a T-piece is introduced as 1:1 flow splitter, one path leading to the electrochemical detector, the other via the desalter and the diode array detector to the ESI-MS. An anion self-regenerating suppressor is used for desalting, operating in auto-suppression external water mode (PROBLEM 1). The water regenerant is delivered from a 2-L reservoir using a peristaltic pump. The diode array detector is integrated after the desalter in order to avoid damage to the optical cell after prolonged exposure to NaOH. The use of a diode array detector is not necessarily required for carbohydrate analysis but allows the detection of unrelated compounds. Neutral carbohydrates are detected as Li + adducts by delivering 0.5 mM LiCl to the flow path prior to injection into the MS from dye solution and wash with 1 mL water. Allow to air-dry, and photograph the plate for documentation.
(32) Pass the supernatants from the individual wells through centrifugal ultrafiltration devices with a 3-kDa molecular mass cut-off. Collect the flow-through for HPAE-PAD-ESI-MS analysis.
(33) The samples can be stored at -20°C (PAUSE POINT).
Preparation of soluble PNAG. (34) Prepare 15 1-L Erlenmeyer flasks each containing 400 mL of TSB medium.
(35) Inoculate each flask with one glass pellet containing cryopreserved cells from a Roti-Store Cryotube.
(36) Cover the flasks with non-hermetic caps and incubate without shaking at 37°C for 20 h.
(37) Discard the culture liquid and harvest the biofilm formed on the wall and bottom of the flasks with a cell scraper in a small volume of residual culture medium.
(38) Transfer the suspension into 50-mL polypropylene conical tubes and collect the biofilm material by centrifugation in a swing-out rotor (4,000 g, 10 min, 4°C).
(39) Discard the supernatant and wash the pellets three times with water by centrifugation (4,000 g, 10 min, 4°C).
(40) Suspend the combined pellets in 20 mL PNAG buffer in a 50-mL polypropylene conical tube.
(41) Place the tube in an ice-water bath and solubilize the PNAG from the biofilm material by ultrasonication for 30 sec (50% pulse time, 50% amplitude) using the ultrasonic homogenizer equipped with the 13-mm extended probe VS 70 T. Repeat sonication five times, cooling for 60 sec between treatments.
(42) Remove the cells by centrifugation in a swing-out rotor (4,000 g, 10 min, 4°C).
(43) Clear the supernatant containing the solubilized PNAG using a second centrifugation step (14,000 g, 15 min, 4°C, JA-25.50 rotor).
(44) Prepare aliquots of the supernatant in polypropylene microcentrifuge tubes and store at -20°C (PAUSE POINT).
Analysis of the PNAG monosaccharide composition. (45) Take samples of 1 μL, 3 μL, 10 μL and 30 μL from the soluble PNAG preparation. dry ice-methanol bath or liquid nitrogen, and store at -80°C. Avoid repeated freezethaw cycles (PROBLEM 2).
Biofilm detachment assay. (22) Prepare stocks of cryopreserved S. epidermidis RP62A cells from a fresh overnight culture using Roti-Store Cryotubes according to the manufacturer's instructions.
(23) Streak a glass pellet with cryopreserved S. epidermidis RP62A cells from a Roti-Store Cryotube over a TSB plate containing 1.5% agar-agar, and incubate at 37°C for 72 h.
(24) Scratch with a 1-mL serological plastic pipette through the bacteria grown on the plate and inoculate 25 mL TSB medium in a 50-mL polypropylene conical tube.
(25) Incubate the tube for 5 h at 37°C without shaking and without aeration.
(26) Transfer 1 mL of bacterial suspension from the tube to each well of a 24-well tissue culture plate, and incubate for 24 h at 37°C without shaking.
(27) Before continuing with washing the biofilm formed on the bottom of the wells (described in the next step) prepare the samples to be tested in the assay. Prepare a 1:10 dilution series from 1,000 μg/mL to 0.01 μg/mL of dispersin B in 1 mL 50 mM sodium phosphate (pH 5.9) in polypropylene microcentrifuge tubes. The following enzymes, prediluted in the indicated buffers, may be also tested as controls: lysostaphin (50 mM TRIS-HCl, pH 7.5), lysozyme (50 mM TRIS-HCl, pH 7.5) DNase I (150 mM NaCl, 100 mM TRIS-HCl, 25 mM MgCl 2 , 5 mM CaCl 2 , pH 7.5).
(28) Aspirate the medium from the wells of the 24-well plate with a pipette and carefully wash the biofilm with 1 mL water. Avoid scratching the biofilm by inclining the plate and placing the pipet tip on the wall of the wells.
(29) Add 300 μL of the prediluted enzyme samples to each well. Incubate at 28°C with gentle shaking (50 rpm) for 2 h.
(30) Carefully transfer the supernatants to polypropylene microcentrifuge tubes.
(31) Wash the remaining biofilm in the wells of the 24-well plate with 1 mL water and stain with 400 μL 0.1% crystal violet solution in water for 5 min. Remove the the slurry into the empty XK 26/20 column. Wash with IMAC buffer A at a flow rate of 5 mL/min until the resin has completely settled. For column assembly and packing, follow the manufacturer's instructions.
(10) Wash the column with 100 mL of IMAC buffer B at a flow rate of 5 mL/min. The imidazole will cause the column to take on a purplish hue.
(11) Equilibrate the column with IMAC buffer A until the normal pink color is restored.
(12) Column equilibration can be performed overnight at a low flow rate (0.5 mL/min). The equilibrated column can be removed from the chromatography system and stored at 4°C for several days (PAUSE POINT).
(13) To continue the protein purification, resuspend the E. coli cell pellets in 200 mL of IMAC buffer A. (14) Transfer the suspension to the Rosett Cell packed in an ice-water bath and disrupt the E. coli cells by ultrasonication for 10 min (30% pulse time, 70% amplitude) using the ultrasonic homogenizer equipped with the 6-mm tapered tip probe.
(15) Remove cell debris by centrifugation (75,000 g, 30 min, 10°C, JA-25.50 rotor) and filter the supernatant through a 0.22-μm filter.
(16) Load the cleared lysate onto the equilibrated column applying a flow rate of 5 mL/min (all subsequent steps are performed at the same flow rate).
(17) Wash the column with IMAC buffer A until absorption at 280 nm remains constant.
(18) Wash the column with 50 mL of IMAC buffer containing 10 mM imidazole (95% IMAC buffer A, 5% IMAC buffer B).
(19) Elute dispersin B with 100 mL IMAC buffer B. Observe absorption at 280 nm and collect fractions of ~5 mL. 
Production of recombinant dispersin B.
Expression of a synthetic, codon-optimized dispersin B gene in E. coli is achieved using the vector pASK-IBA33plus, which features an anhydrotetracycline-inducible promoter system, a multiple cloning site flanked by two BsaI restriction sites and a C-terminal His 6 tag sequence. Cloning via the BsaI restriction sites eliminates the need to append non-native amino acid residues to the N-terminus of the recombinant enzyme. The promoter system results in minimal residual recombinant protein synthesis in the absence of the inducer. A 2.4-L E. coli culture yields ~150 mg of dispersin B after purification by IMAC (Fig. 3) .
Biofilm-detachment assay. S. epidermidis biofilms can be generated reproducibly in 24-well plates using the procedure described here. It is not necessary to start with a defined number of suspended bacterial cells as previously suggested. 22 We also found no advantage to increasing the NaCl or glucose concentration in the culture medium, which was previously reported to enhance biofilm formation. 29 Incubation with dispersin B at concentrations of ≥ 0.1 μg/mL leads to almost complete removal of the biofilm (Fig. 4) . Lysostaphin also has a noticeable impact, particularly if the incubation time is extended to 24 h, but biofilm removal is incomplete and leaves a residual opaquelystained layer. No detectable biofilm degradation is achieved with DNase I or hen egg-white lysozyme. HPAE-PAD-ESI-MS analysis allows the detection of N-acetylglucosamine in the supernatants from biofilms treated with dispersin B but not those treated with the other enzymes (Fig. 5) .
The minimal anti-biofilm activity of lysostaphin and the absence of N-acetylglucosamine in the supernatant reflects the mode of action of this enzyme, which is known to cleave the cross-linking pentaglycine bridges in the staphylococcal cell wall, 20, 30 but not to degrade extracellular polysaccharide components, thus lysing the bacterial cells within the polysaccharide matrix instead of detaching the biofilm. The inability of DNase I to degrade biofilms is consistent with empirical selection of the lengths and diameters of the tubing for the two parallel detector lines. The suppressor backpressure can be determined by operating the gradient pump at 0.4 mL/min and testing the actual flow rate (~0.2 mL/min) over the MS line by measuring the volume of eluent released from the disconnected MS inlet tubing. Plug the outlet of the flow splitter T-piece that leads to the electrochemical detector and turn on the gradient pump at the appropriate MS line flow rate. Read the system pressure before and after disconnecting the eluent outlet of the suppressor. Suppressor performance also depends on the correct settings for the water regenerant flow rate and suppressor current. Refer to the manual provided with the suppressor if chromatography conditions other than those described here are required.
Check the pH value of the eluent released from the MS inlet tubing with indicator paper. It should be neutral. Suppressor failure during system operation will increase the absorption at 205 nm registered by the diode array detector during the column cleaning step. In addition, the carbohydrates will be detected by the MS as Na + instead of Li + adducts. If NaOH has accidentally been injected, disassembly and thorough cleaning of the MS will be necessary.
Optionally, a conductivity detector and an Automation Manager (not shown in Fig. 2 ) can be inserted after the suppressor in order to detect NaOH breakthrough. The Automation Manager can be programmed to switch the eluent flow to the waste outlet via the high-pressure valve if the conductivity increases to > 1 mS/cm. Problem 2: Instability of dispersin B. Dispersin B appears to be intrinsically unstable, and it has not been possible thus far to produce the recombinant protein without a His 6 tag. Accordingly, our initial attempts to produce untagged dispersin B failed, apparently due to precipitation on an anion exchange column. The purified His 6 -tagged dispersin B can also precipitate after freeze-thaw. Nevertheless, the samples remained active in the biofilm detachment assay after one freeze-thaw cycle. The stability of dispersin B could potentially be improved by adding detergent during purification as described. 28 (46) Transfer the samples to 0.3-mL glass reaction vials with Teflon septa, make up to 100 μL with water, and combine with 100 μL of 1 n HCl (diluted from 2 n HCl).
(47) Heat the vials to 110°C for 2 h in a heating block. !CAUTION Vials are under pressure during heating. Open after cooling on an ice bath. Wear protective goggles.
(48) Neutralize the content of the vials by adding small aliquots of 2 M NaOH; check pH by spotting 5-μL aliquots on indicator paper.
(49) Pass the contents of the individual vials through centrifugal ultrafiltration devices with a 3-kDa molecular mass cutoff. Collect the flow-trough for HPAE-PAD-ESI-MS analysis.
(50) The samples can be stored at -20°C (PAUSE POINT).
Digestion of soluble PNAG with dispersin B. (51) Using polypropylene microcentrifuge tubes, combine 100-μL aliquots of the soluble PNAG preparation with 100 μL dispersin B solution prediluted in sodium phosphate buffer (pH 5.9) and incubate at 37°C for 2 h.
(52) Pass the contents of the individual tubes through centrifugal ultrafiltration devices with a 3-kDa molecular mass cutoff. Collect the flow-trough for HPAE-PAD-ESI-MS analysis.
(53) The samples can be stored at -20°C (PAUSE POINT).
HPAE-PAD-ESI-MS analysis.
(54) Program a sequence for sample analysis. Start with a blank, a water control and the standards. In order to check for carry-over from the standards, run a water control before analyzing the test samples. The sample injection volume is 10 μL.
(55) Transfer 200 μl of each sample to 0.3-mL polypropylene sample vials and load the autosampler.
(56) Start the analysis. The analysis is typically run overnight (PAUSE POINT).
Problem Handling
Problem 1: NaOH breakthrough caused by suppressor failure. Injection of NaOH into the MS must be avoided under any circumstances. For optimal performance, the suppressor should be operated at a backpressure of 2.0-2.7 bar. This requires properties, is removed by the desalter and is therefore recorded only by the electrochemical detector.
Digestion of soluble PNAG with dispersin B. Incubation of soluble PNAG with dispersin B and subsequent HPAE-PAD-ESI-MS analysis causes a marked increase in the N-acetylglucosamine signal intensity compared with the supernatants from intact biofilms on 24-well plates treated with dispersin B (Fig. 7) . Although 100 μg/mL of dispersin B is required to release detectable N-acetylglucosamine in the plate assay, 1 μg/mL is sufficient with soluble PNAG as the substrate. As well as detecting N-acetylglucosamine by online ESI-MS, changes in the total carbohydrate profile can be recorded by PAD. With this detection method, a peak correlating with N-acetylglucosamine can be observed when soluble PNAG is digested with dispersin B at concentrations of ≥ 10 μg/mL (Fig. 8) . Several unassigned peaks at higher retention times may indicate larger PNAG degradation products or strongly negatively-charged components that may also be present in the exopolysaccharide.
Implementation in screening programs. Our procedure is based on the measurement of N-acetylglucosamine released from soluble PNAG, providing a specific functional assay for the detection of dispersin B at concentrations as low as 1 μg/mL. Remarkably, pre-formed S. epidermidis material collected from S. epidermidis cultures in Erlenmeyer flasks. For analytical characterization, small samples of such preparations are heated with HCl to hydrolyze PNAG into its monosaccharide components and to deacetylate N-acetylglucosamine to glucosamine. 32 Accordingly, glucosamine is identified as the major component of the hydrolysate by HPAE-PAD-ESI-MS (Fig. 6) . Glucosamine, because of its cationic previous findings that only biofilms less than 6 h old are detached by this enzyme, but not biofilms grown for 12 or 24 h. 21, 22 The O-acetylation of N-acetylmuramic acid at the C-6 position makes peptidoglycans produced by pathogenic staphylococci resistant to the muramidase activity of lysozyme.
31
Preparation of soluble PNAG. Soluble PNAG can be prepared by ultrasound treatment starting with biofilm coli. the His 6 -tagged enzyme was purified from the soluble fraction of the E. coli cells by chromatography on a co 2+ column and eluted using an imidazole step-gradient. Samples were analyzed by sodium dodecyl sulfate PAGE on a 12% gel under reducing conditions. the gel was stained with coomassie brilliant blue.
biofilms on 24-well plates can be detached with dispersin B concentrations at least 10-fold lower. As a possible explanation, only partial endolytic cleavage of PNAG may be sufficient for biofilm detachment, whereas the appearance of detectable amounts of N-acetylglucosamine monomers may require more extensive digestion. This suggests that screening programs for new PNAG-degrading enzymes should be performed in two steps, the first using a multi-well plate biofilm-detachment assay followed by the testing of potential hits for their ability to release N-acetylglucosamine from soluble PNAG.
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